Peptidases are enzymes that cleave peptide bonds, yielding proteins and peptides. Enzymes in this class also perform several other functions, regulating the activation or inactivation of target substrates via proteolysis. Owing to these functions, peptidases have been extensively used in industrial and biotechnological applications. Given their potential functions, it is important to optimize the use of these enzymes, which requires determination of the specificity of each peptidase. The peptidase specificity must be taken into account in choosing a peptidase to catalyze the available protein source within the desired application. The specificity of a peptidase defines the profile of enzyme-substrate interactions, and for this the catalytic site and the arrangement of the amino acid residues involved in peptide bond cleavage need to be known. The catalytic sites of peptidases may be composed of several subsites that interact with amino acid residues for proteolysis. Filamentous fungi produce peptidases with varying specificity, and here we provide a review of those reported to date and their potential applications.
All biological organisms are supported by a continuing series of chemical reactions, and thus by enzymes that catalyze these reactions. 1 For many centuries, people have used these enzymes in many processes, for production of food and other materials. Currently, these biomolecules play an important role in various industrial applications, owing to characteristics such as efficiency, rapidity, the ability to operate at low substrate concentrations, low toxicity, high specificity, and the ease of interrupting the reaction. 2 In addition, biocatalysts are renewable; they thus provide many advantages compared to chemical catalysts. 3 Peptidases are enzymes that are also known as proteases, proteinases, and proteolytic enzymes (International Union of Biochemistry & Molecular Biology). 4 These macromolecules catalyze the cleavage of peptide bonds in polypeptide chains in the presence of water, and are therefore classified as hydrolases. 5 In general, these enzymes catalyze reactions that are important to various physiological processes, such as the cell cycle, cell growth and differentiation, apoptosis, and other functions. 6 Microorganisms are the main source of peptidases used in large-scale production, due to their rapid growth and the current good understanding of the organismal machinery, characteristics that facilitate the production of new recombinant enzymes. [7] [8] Peptidases isolated from microorganisms can act at a wide range of pH and temperature values, and can catalyze many kinds of substrates; they have thus become an important tool in industrial applications. 5 Moreover, they have been exploited in various industrial sectors, such as: peptide synthesis, food and feed production, leather and textile processing, medical and pharmaceutical production, and others. 9 Industrial applications are related to biochemical characteristics and specificity, which depends on the amino acid residues present at the catalytic site. Peptidases can be classified by catalytic mechanism as serine, cysteine, aspartyl, threonine, glutamic or metallopeptidases. 10 The catalytic site of an enzyme performs two functions: substrate binding and catalysis. Thus the efficiency of these functions determines the activity of an enzyme in relation to a particular substrate, and it also determines enzyme specificity. amino acid residue of the substrate. 11 These subsites are numbered according to the amino acid residue of the polypeptide chain with which they interact, and the substrate is named according to the cleaved site (P 1 (Fig. 1) . In addition, the subunits of the catalytic site vary in their ability to bind amino acid residues; some are restricted to one or a few amino acids with similar chemical characteristics, whereas others can interact with all of them. Thus, in a simplified representation of a peptidase catalytic site, there are fixed subsite numbers with specific preferences for different amino acids, allowing peptidases to discriminate between cleavage sites, generating specificity. 6 The ability of this peptidase to interact with a specific polypeptide chain sequence is faithful to original substrate structure of biological processes, which the enzyme belongs. 12 Considering that peptidase specificity is determined by substrate recognition mediated by amino acid sequence at the catalytic site, subsite mapping by peptide libraries is essential for characterization to allow deduction of enzyme preference by substrate. In addition to specificity, which is determined by the catalytic site, some substrates, as native proteins, present structural restrictions, making coupling and cleavage more difficult. 13 Among the methods used to map subsites, some use substrates containing a fluorophore group, such as the 7-methoxycoumarin-4-acetic acid (MCA) probe. This is a rapid methodology for specificity screening, but only reveals unprimed-side (S 1 , S 2 , S 3 and S n ) specificity. Alternately, libraries of fluorescence resonance energy transfer (FRET) substrates with known amino acid sequences and a donor (Abz) and a quencher (EDDnp) group (Fig. 1) are available, which allow determination of the specificity of both the unprimed (S n , S 3 , S 2 , and S 1 ) and primed sides (S Specificity assays yield important information about enzyme function and can suggest a possible structure of a catalytic site, which contributes to select the optimal substrate and to designing highly selective biological probes. 12, 15 In addition to interactions between each subsite and its corresponding amino acid residue, neighboring substrate amino acids can exert a negative or positive influence on the enzyme subsite. This subsite cooperativity has been observed in several studies of peptidase specificity, but has been neglected in study of the interaction between catalytic site and polypeptide chain sequence. Cooperativity has been reported between nearby subsites, such as the S 1 , S 2 , and S 3 subsites of thrombin, as well as between distant subsites, such as S 1 and S 4 of subtilisin. 6, [16] [17] Cooperativity is critical for complete elucidation of the relationships between catalytic sites and their effect on the specificity of proteolysis. Cooperation between one substrate and another at the molecular level is important to understand how the catalytic site recognizes and selects a substrate for cleavage. In the future, studies using combined kinetic and structural Figure 1 . Model proposed by Schechter and Berger (1967) 11 which shows the peptidase subsites in a catalytic site. The catalytic site of the peptidase is divided into subsites, named S n, S 3 , S 2 , S 1 , S 0 1 , S 0 2 , S 0 3 , and S 0 n based on cleavage point in the polypeptide chain, the amino acid residues are named P n, P 3 , P 2 , P 1 , P approaches will provide a much greater understanding of the mechanisms underlying subsite cooperativity. 6 Researchers have used various kinds of substrates to evaluate the kinetic parameters and consequently the catalytic efficiency and specificity of various peptidases (Table 1) .
Peptidases can be divided into various classes, and each one has a specificity to a determined substrate. Juntunem and collaborators (2015) described recombinant production in Trichoderma reesei of a new extracellular subtilisin-like enzyme from Fusarium equiseti. They determined some of the biochemical properties and substrate specificity (b-casein, cytochrome c, and ubiquitin) of this purified peptidase. The substrate b-casein was fully digested after 5 min of incubation at pH 6.8 and 9.0; in contrast, cytochrome c and ubiquitin were refractory to peptidasemediated catalysis under the same conditions. The peptides generated from cleavage of the substrates, using different pH values and incubation times, were subjected to mass spectrometry analysis. The normalized data were applied in a matrix which was used to determine substrate specificity. For unprimed subsites, the best hydrolysis profile was observed for His (polar positive), Thr (hydrophobic), Gly (hydrophobic), and Asn (polar neutral) at the P 1 , P 2 , P 3 , and P 4 positions, respectively. For primed subsites, the best hydrolysis profile was observed for Tyr (hydrophobic), Gly (hydrophobic), Lys (polar positive), and Gly (hydrophobic) at the P Overall, this peptidase showed a broad substrate specificity and only some restrictions for each subsite. Moreover, this recombinant enzyme showed good performance in detergent applications for stain removal. Together, these properties highlight the industrial potential of this subtilisin-like peptidase. 18 Aspergillus fumigatus produces four different sedolisins (SedA, SedB, SedC, and SedD), peptidases that act as endo-(SedA) or exopeptidases (SedB, SedC, and SedD). These enzymes were heterologously expressed in Pichia pastoris and characterized by Reichard and collaborators (2006) . SedA was characterized as an endopeptidase, capable of hydrolyzing casein, but showed no activity against mono-, di-, tri-, or tetrapeptide substrates. SedB, SedC, and SedD showed activity against Phe-Pro-Ala-pNA or Ala-AlaPhe-pNA substrates (hydrophobic), and were thus classified as tripeptidil peptidases. SedB was chosen for protein purification and was assayed with an Ala-Pro-Gly-Asp-Arg-Ile-Tyr-Val-His-ProPhe substrate. Mass spectrometry analysis revealed the liberation of Ala-Pro-Gly, Asp-Arg-Ile, and Tyr-Val-His-Pro-Phe peptides. Although it showed a preference for Gly or Ile (hydrophobic with aliphatic chain side) at the P 1 position, SedB bypassed proline (hydrophobic with a cyclic chain side) when it was at the P 1 or P 0 1 position, and did not hydrolyze the peptide. This was also observed with Tyr-Val-His-Pro-Phe and Ala-Ala-Pro-pNA peptides, which were not hydrolyzed. 19 Mahon and collaborators (2009) studied a prolyl aminopeptidase from Talaromyces emersonii, which is intracellularly produced. The enzyme was purified by fractionation and five chromatographic steps. They tested different substrates, but the maximal activity was observed with Pro-pNA at P 1 position. 20 Maeda and collaborators (2016) performed recombinant production of the dipeptidyl peptidases DppB, DppE, and DppF, and determined their kinetic parameters by modifications of the amino acid residues at the P 2 -P 1 substrate positions. These dipeptidyl peptidases demonstrated differing activities for the various substrates tested. DppB, DppE, and DppF from Aspergillus oryzae provided the highest rate of hydrolysis for ArgPro-pNA, Gly-Phe-pNA, and Lys-Ala-pNA substrates, respectively. Moreover, the kinetic parameters were used to define the catalytic efficiency. Comparative analysis of DppB using Pro at the P 1 position demonstrated that the activity was modulated by the S 2 subsite and that charged and bulky amino acid residues, such as alanine, were preferred at the P 2 position. DppE and DppF showed similar profiles, with a preference for the apolar amino acid residue Phe at the P 1 position; amino acid residues at the P 2 position had little effect. 21 O'Donoghue and collaborators (2008) characterized a glutamic peptidase TGP1 from Talaromyces emersonii. The enzyme showed only endopeptidase activity, once it was capable of hydrolysis, with histidine and leucine at positions P1 and P 0 1, respectively, and only when P 0 1 was not the last residue. The results suggest that substrate recognition is important from S3 to S 0 3. They tested 16 peptides and identified 32 cleavage points by MALDI-TOF MS analysis. TGP1 has a wide spectrum of substrate recognition, but a pattern was observed: the residues at the P1 position are larger than those at the P 0 1 position. Using modification of the amino acid residues at the P 3 -P 2 -P 1 -P subsites demonstrated greatest catalytic efficiency for non-polar, basic, and non-polar amino acid residues, respectively, and also for aromatic amino acid residues. The catalytic efficiency of the unprimed S 1 , S 2 , and S 3 subsites was differentially modulated, and demonstrated a preference for basic, neutral polar, and basic amino acids residues, respectively. The replacement of Lys for Leu at P 3 position (Abz-LLRSSKQ-EDDnp) provided the best catalytic efficiency, as the hydrophobic Lys provided a better interaction between the catalytic site and peptide than the polar Leu, with a k cat /K M D 1294 mM ¡1 ¢s ¡1 , with a cleavage site between P 1 # P 0 1 . In general, primed subsites presented lower selectivities than unprimed subsites. Additionally, rhizopuspepsin-like from R. miehei demonstrated to cleave substrates containing a k-casein sequence (Abz-LSFMAIQ-EDDnp), with a coagulant activity higher than its proteolytic activity. Given these potential activities, the authors proposed that this aspartyl peptidase can be used for peptide synthesis or casein hydrolysis, especially in cheese production. 23 Silva et al. (2017) studied Phanerochaete chrysosporium, a well-known producer of lignocellulolytic enzymes, using an innovative approach to characterize the kinetic parameters of an aspartic peptidase from P. chrysosporium. Primed S 0 1 , S 0 2 , and S 0 3 subsites demonstrated better catalytic efficiency for neutral polar, neutral polar, and basic amino acid residues, respectively. On the other hand, unprimed S 1 , S 2 , and S 3 subsites showed a preference for basic, non-polar, and basic amino acid residues, respectively. The authors proposed that the S 1 subsite showed a preference for amino acid residues with basic and non-cyclic side chains. The higher catalytic efficiency was 4792 mM ¡1 ¢s ¡1 without replacement (Abz-KLRSSKQEDDnp) at the substrate, and the cleavage site was between P 1 # P 0 1 . 24 Biaggio et al. (2016) studied the specificity of the unprimed subsites of a serine peptidase produced by Aspergillus terreus. Using FRET synthetic peptides with replacements at the P 1 , P 2 , and P 3 positions, the authors determined the S 1 , S 2 , and S 3 subsite catalytic efficiency, which was also used as parameter to determine the subsite selectivity. The S 1 subsite had a preference for aromatic amino acid residues, the best catalytic efficiency (363.4 mM ¡1 ¢s ¡1 ) was obtained with Tyr at the P 1 position (Abz-KLYSSKQ-EDDnp), and the cleavage site was between P 1 # P 0 1 , although the presence of Ile at the P 1 position prevented hydrolysis. The S 2 subsite showed low hydrolysis of all substrates and the best catalytic efficiency (98 mM ¡1 ¢s ¡1 ) was obtained with the non-polar amino acid residue Ile at the P 2 position (Abz-KIRSSKQ-EDDnp). Furthermore, all substrates with changes at the P 3 position were hydrolyzed and the polar amino acid residue Ser (Abz-SLRSSKQ-EDDnp) at P 3 position showed the best catalytic efficiency (318.7 mM ¡1 ¢s ¡1 ).
Due to their hydrolysis profiles, the selectivity of the S 1 and S 3 subsites was less than that of the S 2 subsite. 25 The fungus Myceliophthora thermophila produces a serine peptidase under submerged bioprocessing, and the kinetic parameters of the enzyme were evaluated with FRET substrates, with replacement of the amino acids at the P 1, P 2, P 3, P 
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Graminho and collaborators (2013) purified a serine peptidase from submerged bioprocessing of Penicillium waksmanii. The enzyme parameters were evaluated with FRET substrates with replacement of amino acids at P 1, P 2, P 3, P 0 1, P 0 2 , and P 0 3. In general, both sides (unprimed and primed) accepted non-polar amino acids. The results showed the replacement of leucine (hydrophobic) for isoleucine (hydrophobic with a larger side chain) at the P 2 position of the substrate (Abz-KIRSSKQ-EDDnp) resulted in a better interaction with its corresponding catalytic subsite, and consequently, a higher catalytic efficiency, of 10666 mM ¡1 ¢s ¡1, and the cleavage site was between P 1 # P 0 1 . 27 Zanphorlin and collaborators (2011) studied a peptidase secreted by Myceliophthora genus. The fungus Myceliophthora sp. produces a serine peptidase under solid state bioprocessing. Using FRET peptides, the kinetic parameters showed differences in catalytic efficiency following replacement of amino acids at the P 1, P 2, P 3, P Neto et al. (2016) , the fungus Eupenicillium javanicum produces a metallopeptidase by solid state bioprocessing, and the authors evaluated the replacement of amino acids at P 1, P 2, P 3, P Merheb-Dini and collaborators (2009) studied the kinetic parameters of a metallopeptidase secreted by the fungus Thermoascus aurantiacus in solid state bioprocessing, and used FRET substrates for replacement of the amino acids at P 1 . The researchers observed the highest catalytic efficiency with Arg (Abz-KLRSSKQEDDnp) followed by Lys, at 30.1 and 14.9 mM ¡1 ¢s ¡1 , respectively. Both amino acids have polar basic properties, but Arg has longer side chain than Lys.
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Phanerochaete chrysosporium produces a lysinedependent cysteine peptidase, under submerged bioprocessing FRET substrates were used to evaluate the kinetic parameters and cleavage site of this enzyme. The substrate Abz-XXXXXKQ-EDDnp was cleaved between X#K, where X is any amino acid, with the exception of the substrate Abz-KLRS#K#KQ-EDDnp. Analysis of each subsite showed that when P 0 1 is not lysine, the reaction does not occur. The efficiency of catalysis observed with replacement of amino acid residues at P 1 showed a preference for basic amino acids Other substrates such as fibrinogen, collagen, and k-casein clotting fragments were tested, but the reaction did not occur owing to the absence of lysine at the P 0 1 position. This peptidase showed poor catalytic efficiency for acidic residues D and E. This enzyme also showed clear cooperativity between subsites (induced fit) since the S 0 1 position is restrictive for lysine, but S 5 increases the hydrolysis potential when the substrate residue is basic. 31 The determination of specificity and subsite cooperativity of fungal peptidases can improve the biotechnological applications and the current trends approached the use of modern techniques for the better exploitation of knowledge. The use of computational design allows the remodeling of enzyme specificity to increase this activity. 32 Moreover, the specific cleavage from peptidases can be maintained whereas their biochemical properties can be modified using recombinant DNA techniques, and to diversify their suitable processes. 33 In food industry, the use of peptidases able to provide the Phe 105 -Met 106 specific cleavage in k-casein is essential for milk coagulation and cheese production. 33 The peptidases specificity also enabled the modulation of the chemical and nutritional properties and provided a better defined composition. The protein hydrolysis can be used for improve the taste and solubility, moreover to generate peptides with biological activity, 34 such as antihypertensive, antimicrobial, antioxidant, opioid and immunomodulatory. 35 Pharmaceutical industries have been produced some peptidases to diseases therapy related to abnormalities or deficiencies of some enzymes and have been looked for new therapeutic targets both based on peptidase specificity. 36 Proteomic is another field that specific peptidases have been used, trypsin is the peptidase used to prepare the sample for mass spectrometry, and this enzyme may impose certain limits in protein identification, therefore there is a search for new peptidases with high specificity to replace it. 37 Filamentous fungi have been produced many products with biotechnological potential, among these products there are peptidases, these enzymes catalyze different polypeptides chain according to their properties. Some peptidases application are based on specific substrate cleavage, wide reactions conditions, inhibitors and activators.
Thus, the knowledge of biochemical characteristics, cleavage site, specificity and subsite cooperativity of fungal peptidases is important to determine the ideal substrate and reaction conditions, consequently, it allows to apply each peptidase in certain areas, as medical, pharmaceuticals, foods, detergents, leather, silk and chemical products.
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